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Atomic steps located at the surfaces of substrates play a central role in controlling the growth mechanism of a wide range of materials. The effect of such steps on the growth process, the morphology, the stress and strain distributions, and the functionality of the materials has been extensively investigated. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] In particular, these steps are thought to constitute a heterogeneous source of nucleation for the formation of nano-objects and structural defects at the initial stages of the growth of many semiconductor nanostructures. 12, 13 It is critically important to identify the nucleation sources for individual nano-objects such as quantum dots and wires because they constitute the fundamental blocks of future nanoelectronics and nanophotonics devices.
14 The ability to control the nucleation of these nano-objects will contribute significantly to the development of reliable single-photon sources for applications in quantum information technology. [15] [16] [17] Nanowires constitute a special case of self-assembled nano-objects. 18 Self-assembled nano-objects can be formed spontaneously via the Stranski-Krastanov growth mode for certain semiconductor materials when a few monolayers are epitaxially deposited on a lattice-mismatched substrate. 19, 20 Strain is widely accepted to be the driving force for the nucleation of these nano-objects, but as yet there has been no direct experimental evidence for the role of steps, and their associated stress enhancement, in the self-organized growth of nanowire arrays. 21, 22 In this letter we show the direct imaging, by aberrationcorrected Z-contrast scanning transmission electron microscopy ͑STEM͒ and atomic force microscopy, that, in the presence of misfit strain, nanowires preferentially nucleate on the upper terrace of a diatomic step. With finite element elasticity calculations, we demonstrate that the driving force is the stress relaxation at the upper terrace of a diatomic step, which explains the observed nucleation site of semiconductor nanowires.
The nanowires investigated consist of InAs͑P͒ selfassembled quantum wires grown by solid source molecular beam epitaxy ͑MBE͒ on InP ͑001͒ substrates. The lattice mismatch between InAs and InP is 3.2%. The control of the relaxation process of these nanostructures has recently been followed with high precision by in situ accumulated stress measurements from the initial phases of the self-assembly process. 23 The process of formation of these wires is controlled in such a way that it is possible to intentionally modify their dimensions and density with a high level of accuracy and reproducibility. These characteristics make them ideal nano-objects for detailed study, at the atomic level, of their nucleation process.
References 23 and 24 explain in detail the growth procedure for the samples ͑A and B͒ studied here. In sample A, after growing a 180-nm-thick InP buffer layer, the InP surface was exposed to As 4 flux for 3 s at a substrate temperature T S = 480°C. A 1.5 monolayer of InAs were deposited at a deposition rate of 0.5 monolayer per second ͑ML s −1 ͒ and T S = 480°C. After InAs deposition, the surface was annealed for 1.5 min under As 4 flux. In sample B, quantum wires were formed by depositing 1.7 ML of InAs at 0.1 ML/ s and 515°C. The quantum wires grown using these conditions, which are completely formed well beyond the initial stages, were covered by a 20-nm-thick InP cap layer grown by atomic layer MBE at 380°C. Quantum wires of sample A correspond to the initial stage of their formation process and were studied by atomic force microscopy ͑AFM͒, while in contrast, fully formed wires in sample B were used for the Z-contrast investigations. Figure 1 shows a representative AFM image of the growth surface during the initial stage of formation of the nanowires of sample A. 23 The nanowires are oriented along ͓110͔ and mostly located on the upper terraces, close to the boundaries between the upper and lower terraces of a step. The majority of the pixels associated with nanowires in the AFM image ͑76.8%͒ are located on the upper terraces close to the step edge. In most cases, the nanowires run at a shallow angle to the step. When imaged in cross section, these nanowires would not show any clearly defined step at the substrate/wire interface. However, a small fraction of nanowires, circled in blue, run parallel to the step for the majority of their length. In these cases, the step would be parallel to the beam direction for the entire thickness of a cross section specimen. Anisotropic elastic theory has been applied to determine by the finite element method the distribution of strain and stress generated on the upper and lower terraces of a diatomic step during the very initial stage of InAs MBE deposition. The upper terrace surface exhibits a large positive strain relative to the lower terrace from the very initial stage of the nano-object growth, even when only one InAs monolayer has been deposited. After capping the InP diatomic step with two or more InAs monolayers, the strain along ͓110͔ is positive on the upper terrace and is negative on the lower terrace. For all cases considered, the strain values at the upper terrace surface become larger near the edge of the step. These general findings hold also for wetting layers of InAs x P 1−x ͑instead of pure InAs͒ and even for situations where the surface diatomic step is displaced with respect to its original position at the InP surface during the growth of the first InAs monolayers.
The large positive strains at the upper terrace close to the step edge will act to lower the chemical potential for InAs growth at that location of the upper terrace. The chemical potential is reduced compared to a thin InAs layer pseudomorphically grown on a flat InP substrate. This result is in complete accord with the AFM observations and leads us to propose that the preferential nucleation on the upper terrace surface initiates the two-dimensional-three-dimensional transition, that is, the appearance of a nanowire seed in this preferential location triggers the Stranski-Krastanov growth transition. We expect this will apply in general to any nanoobject having a lattice mismatch with respect to the substrate material. 25, 26 This strain-driven mechanism would be in addition to any Ehrlich-Schwoebel step-edge barrier. However, it has been shown that such a barrier is not necessary to account for roughening on a polar semiconductor surface that undergoes a deep surface reconstruction, 27 such as the In x As 1−x P studied here. Our results demonstrate that the nucleation of nanowires on the upper terraces of the surface steps can be fully   FIG. 2 . Z-contrast image ͑raw data͒ of an InP capped InAs x P 1−x nanowire grown by solid source molecular beam epitaxy on ͑001͒ InP substrate. This image, taken with a dedicated aberration-corrected STEM VG HB603, enables the two fcc sublattices of In ͑brighter contrasts͒ and As x P 1−x atoms constituting the zinc-blende structure of the InAs x P 1−x disordered alloy to be directly distinguished. Stronger intensities are observed in the projected positions of the As x P 1−x atomic columns. explained by a purely strain-driven mechanism, without the need for introducing such a barrier.
Key evidence that nucleation occurs on the upper terrace comes from atomic resolution Z-contrast images, which show highest intensity from regions of the nanowire located on the upper terrace of the step. These regions correspond to the highest As composition, which is closest to the initial composition, with minimal intermixing during subsequent growth. They form in the region of maximum strain relaxation as predicted by the finite element calculations. Figure 2 shows a ͓110͔ high resolution Z-contrast image of an InAs nanowire of sample B. The nanowire was capped with InP after growth to prevent surface oxidation. This image was taken with a dedicated aberration-corrected STEM, a VG Microscope HB603U equipped with a Nion aberration corrector. The full width at half maximum of the electron probe is around 0.07 nm. The high resolution aberrationcorrected Z-contrast imaging technique provides an incoherent image where the intensity on each probed atomic column, with the material properly oriented along a principal zone axis, strongly depends on Z, the atomic number of the atoms in the column. [28] [29] [30] The studied material in our case is formed by a disordered substitutional InAs x P 1−x alloy with a chemical composition that changes from atomic column to atomic column throughout the studied nanowires. 31 InAs-rich regions appear brighter in the image while a reduction of the intensity occurs as the InP content of the analyzed atomic columns increases. The shape and composition of the imaged nanowire are clearly identifiable in the image of Fig. 2 with atomic column spatial resolution. Contrast variations associated with changes in specimen thickness were minimized by selecting areas with negligible thickness variations. Local specimen thickness was monitored from measurements of the low loss region of the electron energy loss spectra ͑EELS͒ measured in an aberration-corrected VG Microscopes HB501UX equipped with a Gatan Enfina EEL spectrometer.
The interface between the nanowire and the substrate is highlighted with a dotted line in the high resolution Z-contrast image of Fig. 3 . This image has been low pass filtered to remove high frequency noise without eliminating significant information from the original Z-contrast image. The chemical information contained in this Z-contrast image enables the location of a diatomic step at this interface below the imaged nanowire. A clear difference in contrast is observed between the In ͑brighter͒ and the As+ P ͑dimmer͒ atomic columns. Note that the pure P columns are only barely detectable in the image of Fig. 2 and are not differentiated in the color rendering of the magnified image of Fig. 3 . In this way, the presence of the faint column clearly delineates the outline of the nanowire and the presence of the interfacial step. Note that the step is seen with practically atomic abruptness, indicating that the step runs parallel to the beam direction for the entire sample thickness, i.e., this nanowire corresponds to the one circled in blue in Fig. 1 . The existence of brighter intensities in the atomic columns of the nanowire located on the upper terrace of the diatomic step clearly confirms the presence of an As-rich region at this location. This locates the site of the original nucleation on the upper terrace and supports the strain-induced nucleation established in this letter from direct atomic force microscopy images and strain calculations.
In summary, from the direct imaging of nanowires, we have identified preferential sites for the nucleation of strained nanowires to lie on the upper terrace surface close to the step edge, where maximum stress relief occurs. We expect the same preferential sites to apply for negative strain also, where the upper terrace can again allow surface relaxation and provide preferential nucleation site. 
